The cell-free isobutene-forming system of Rhodotorula minuta IFO 1102 was prepared. This system consisted of isovaleric acid, NADPH, and a cell extract. The maximal activity obtained by using the described cell-free system was 17 nl/mg of protein per h. It appears that this cell-free isobutene-forming system operates in living cells of R. minuta.
The cell-free isobutene-forming system of Rhodotorula minuta IFO 1102 was prepared. This system consisted of isovaleric acid, NADPH, and a cell extract. The maximal activity obtained by using the described cell-free system was 17 nl/mg of protein per h. It appears that this cell-free isobutene-forming system operates in living cells of R. minuta.
In view of the global shortage of crude oil deposits, we are attempting to develop a process for the microbial production of gaseous hydrocarbons under aerobic conditions. As reported previously, we have shown that hydrocarbons having 2, 3, and 4 carbon atoms are produced by many kinds of microorganism under aerobic conditions (1, 2, 5) . Among them, Rhodotorula minuta IFO 1102 was selected as an excellent producer of isobutene. Microbial production of isobutene is a novel process which has not been previously reported. We also reported that the production of isobutene was increased by the addition of L-leucine to the growth medium or the suspension of resting cells and that Lphenylalanine had a synergistic effect on the production of isobutene in the presence of L-leucine (3).
A cell-free, ethylene-forming system was recently prepared from Penicillium digitatum, which contained a-ketoglutaric acid, L-arginine, and ferrous ion (4) . In this paper, we report the preparation of a cell-free isobutene-forming system from R. minuta.
Microorganism and culture conditions. R. minuta var. texensis IFO 1102 was used throughout this study. R. minuta IFO 1102 was inoculated into a 100-ml Erlenmeyer flask which contained 20 ml of a chemically defined medium (CD medium). The composition of CD medium was previously described (5) . R. minuta in the 100-ml flask was cultivated on a rotary shaker (180 rpm, 7-cm width) at 25°C for 2 days. This culture broth was used as a seed culture. A portion (2 ml) of seed culture was transferred to a 500-ml Erlenmeyer flask which contained 100 ml of CD medium supplemented with L-leucine (1 g/liter) and L-phenylalanine (1 g/liter) and then placed on a rotary shaker under the same conditions for the seed culture.
Method for the preparation of cell extract. Cells were harvested from the 100-ml culture broth by centrifugation at 1,000 x g for 5 min, washed twice with deionized water, and suspended in 10 ml of 20 mM Tris hydrochloride buffer (pH 7.9) which contained 20% glycerol. The cell suspension was passed twice through a French pressure cell (1,500 kg/cm2) and then centrifuged at 1,000 x g for 5 min to obtain the supernatant, which was centrifuged again at 15,000 x g for 15 min to remove cell debris. The supernatant obtained after centrifugation at 15,000 x g was used as the cell extract.
Analyses. A test tube (15-mm diameter, 13-ml capacity) containing a reaction mixture was sealed with a rubber stopper and incubated on a reciprocal shaker with gentle * Corresponding author.
shaking at 25°C for 30 min. After incubation, the rate of formation of isobutene was followed by using gas chromatography (flame ionization detector; column, 2 m by 5 mm; activated alumina from Yanaco Co. Ltd., Kyoto, Japan). The standard of isobutene used for calibration of the gas chromatography was obtained from Gaskuro Kogyo Inc., Tokyo, Japan. The normal reaction mixture contained 0.2 ml of 25 mM substrate solution, 0.1 ml of 10 mM dithiothreitol, 0.2 ml of 200 mM potassium phosphate buffer (pH 7.9), 0.2 ml of deionized water, and 0.3 ml of the cell extract. The rate of production of isobutene by living cells was measured as previously reported (2) . The concentration of cells in culture broth was determined from the optical density at 660 nm. Protein contained in cells was extracted with 1 M of sodium hydroxide solution by boiling them for 10 min. Protein concentrations in cell extract and in cells were determined by the method of Lowry et al. (7) .
Preparation of cell extract of R. minuta. After the disruption of the cells with the French pressure cell, the addition of glycerol (20%) to the cell suspension was effective for the stabilization of isobutene-forming activity. Cell extract prepared without glycerol had half of the isobutene-forming activity of the extract that contained glycerol. Thus, glycerol was always added to the suspension of cells before the disruption of the cells. The isobutene-forming activity in the cell extract was relatively stable at -30°C for at least 2 weeks.
Factors necessary for the formation of isobutene by cell extract. The substrate required for the formation of isobutene was selected from among several likely compounds such as those described below. a-Keto-isocaproic acid, isovaleryl coenzyme A, and isovaleric acid were effective substrates; the rates of isobutene formation (in nanoliters per milliliter per hour) with these substrates were 2.1, 3.8, and 9.1, respectively. Isovaleric acid was the best substrate, and L-leucine, P-methylcrotonyl coenzyme A, and P-methylcrotonic acid had no effect on the formation of isobutene. Also, L-phenylalanine had no synergistic effect with L-leucine or with the other effective compounds described above on the formation. This finding supports the assumption that Lphenylalanine is the inducer of some enzyme involved in the formation of isobutene, as described in a previous paper (6) .
Using isovaleric acid for a substrate, we tested the cofactors required for the reaction. Next, the effect of temperature on the reaction was tested. The optimum temperature was ca. 25°C at pH 7.5 for 30 min.
Taking into account the data described above, we constructed a cell-free isobutene-forming system which consisted of 0.2 ml of 150 mM isovaleric acid, 0.1 ml of 2 mM NADPH, 0.1 ml of 10 mM dithiothreitol, 0.2 ml of 200 mM potassium phosphate buffer (pH 7.9), 0.1 ml of deionized water, and 0.3 ml of the cell extract. The reaction was carried out as described in Materials and Methods. In this system, both the cell extract and the isovaleric acid were essential for formation of isobutene. The maximal activity obtained by using the described cell-free system was 17 nl/mg of protein per h.
Comparison of the time course of isobutene-forming activity of the cell-free system with that of the living cells. Figure 1 shows the time courses of isobutene-forming activity of the cell-free system and of the living cells. The rates of formation of isobutene measured with the cell-free, isobuteneforming system correlated well with those of the living cells. We believe that this cell-free, isobutene-forming system accurately reflects events in the living cells.
Some properties of the cell-free, isobutene-forming system. Table 1 shows that no formation of isobutene occurred under nitrogen gas or with heat-treated reaction mixture. These findings indicate that oxygen may be essential for the isobutene-forming reaction and that some enzyme which was inactivated by heat treatment may participate in the formation of isobutene. To test whether cytochrome oxidase is involved in the formation of isobutene, potassium cyanide and sodium azide were added in the reaction mixture. The addition of them in the reaction mixture hardly affected the formation. EDTA had no inhibitory effect. Studies of purification of the enzyme and of the biochemical mechanism of isobutene formation by R. minuta IFO 1102 are now in progress.
